ABSTRACT Castrated male goat kids (20 Alpine, 12 Angora) were individually fed isonitrogenous and isoenergetic diets containing 2.28% N and S (added as Cas041 at either . l l (basal), .20, .28, or .38% of dietary DM. Sulfate supplementation during the 8-wk growth trial quadratically increased ADG ( P < .05) and tended to increase quadratically the DMI ( P < .07) of goats, with a peak value for the .20% S diet.
Introduction
Information has not been published concerning the S requirement for growth of goats. The NRC (1981) extrapolated research results from sheep to goats and suggested that the N:S ratio should be 1O:l. Extrapolation of data obtained with sheep t o goats provides a crude estimate at best, and the estimates should be verified in goats (Haenlein, 1980) . Dietary S concentration may alter the acid-base balance (Tucker et al., 1991) . Therefore, a trial was conducted using goat kids 1 ) to determine the S requirement for growth; 2) to evaluate the effects of dietary S concentration on acid-base equilibrium and blood and ruminal metabolite concentrations; 3) to quantify the effect of S supplementation on DMI and digestibilities on DM, OM, and ADF; and 4 ) to monitor S metabolism and its effect on N utilization. (Jin et al., 1983) .
diet. The f0rage:concentrate ratio of the diet was 50: 50. The dietary cation-anion balance, expressed as milliequivalents/lOO grams of DM either excluding S [ ( N a + K ) -C11 (DCAB) or including S [(Na t K ) -(C1 + S)] (DCAB:S) was calculated (Tucker et al., 1991) . Goats received fresh feed in excess of intake once daily (1330). Refused feed was weighed and discarded. Fresh water was available continuously. The experiment was conducted from July to October 1991. Goats were placed in steam-cleaned, stainlesssteel cages (2.3 m x 1.0 m x 1.0 m ) individually and housed in an open barn equipped with forced-air ventilation. The first 2 wk served to allow the goat kids to adapt to their environment and to adjust to their diet. Daily DMI and weekly BW of each goat were recorded from wk 3 to 10 of the growth monitoring phase. During wk 11 to 12, goats were transferred t o metabolism crates. Total collection of feces and urine was conducted to quantify digestibilities of DM, OM, and ADF and to measure retention of N and S.
Sample Collection and Analyses
Feed samples were collected weekly and composited within batch for analysis. Goats were weighed before fresh feed was provided on two consecutive days each week and at the beginning and the end of the collection phase of the metabolism trial. Blood samples were procured via jugular venipuncture 4 h after fresh feed was provided during wk 8 of the growth trial. At the end of the 8-wk growth trial, ruminal samples (60 mL) were collected 4 h postprandially via stomach tube. The first 20 to 30 mL of ruminal fluid was discarded to reduce contamination by saliva. Immediately after sampling, ruminal fluid pH was determined with a pH electrode (SA-720, Orion Research, Boston, MA). The methods for preserving subsamples and analyzing total sulfide-S have been described previously (Qi et al., 199213) . At the end of the metabolism trial, ruminal samples were taken at 0 and 4 h postprandially and composited (280 mL) for isolating bacteria. Immediately after collection, this ruminal fluid was centrifuged (Sorvall RC-5B, Du Pont, Wilmington, DE) at 500 x g for 10 min to remove the feed particles and protozoa; the supernatant fluid subsequently was centrifuged at 20,000 x g for 20 min to sediment bacteria (Lu et al., 1983) . The supernatant fluid was discarded, and the bacterial pellet was washed twice with physiological saline (.9% NaC1) and once with distilled water. The washed bacteria were examined microscopically and found to be essentially free of contaminants. These bacterial pellets were lyophilized and contents of DM, purine, S, and N were determined. These bacteria should represent the unattached (free) bacteria in the rumen, not necessarily the total bacterial population.
Total feces and urine were collected for 7 d and composited for chemical analysis. Dry matter, ash, OM, and N contents of feed and feces and N contents of urine and isolated bacteria were quantified (AOAC, 1990) . Urinary contents of creatinine and uric acid were analyzed using Sigma kits 555 and 292, respectively (Sigma Diagnostics, St. Louis, MO), on fresh urine samples. Gross energy contents of feed and feces were determined using an adiabatic bomb calorimeter (Parr Instrument, Moline, IL), and ADF contents of feed and feces were measured (Goering and Van Soest, 1970) .
Energy digestibilities of experimental diets measured during the metabolism trial were used to calculate DE intake during the growth trial. The ratio of ME:DE, assumed to be .82 (Jin et al., 1983) , was used to calculate ME intake during the growth trial.
Total S contents of feed, feces, urine, and isolated ruminal bacteria were determined by the procedure of Mottershead ( 19 7 1 1. Sulfate S contents of plasma and ruminal fluids were analyzed as described by Bird and Fountain (1970) in supernatant fluids that had been deproteinized (8% perchloric acid).
Blood samples for acid-base analyses were collected anaerobically into 10-mL evacuated blood collection tubes containing sodium heparin. These tubes were placed on ice and analyzed within 2 h after collection for blood pH, bicarbonate (HCO3-1, pC02, p02, base excess, base excess in extracellular fluid, total COB content, standard bicarbonate, and oxygen saturation using a blood gas analyzer (System 1304, Instrumentation Laboratory, Lexington, MA).
Ruminal bacteria isolated from ruminal fluid were analyzed for purine N content using the method of Zinn and Owens (19861, as modified by Aharoni and Tagari ( 199 1) . Ruminal fluid samples were dried and also analyzed for purine N content (hereafter referred to as total purine N) . The difference between the total purine N content of ruminal fluid and the purine N content of isolated bacteria was considered to be the sum of particle-associated purine N plus feed purine N not degraded in the rumen (hereafter called residual purine N).
Plasma urea N was determined using Sigma kit 640 (Sigma Diagnostics). Plasma glucose was determined using Sigma kit 510 (Sigma Diagnostics). Total ruminal ammonia N (AMN) was analyzed using the procedure described by Broderick and Kang (1980) . Ruminal fluid L-lactate was determined using Sigma kit 826 (Sigma Diagnostics). In addition, ruminal free, nonionized ammonia N ( FAMN) was calculated as described by Visek (1968) .
Ruminal nonionized, volatile sulfide S (H2S-S) was calculated from total sulfide S (Qi et al., 199213) . The H2S-S is an estimate of the amount of sulfide S that could volatilize and be lost via eructation.
Plasma cysteine was analyzed by a colorimetric procedure (Gaitonde, 1967) . Cystine was reduced to cysteine using dithiothreitol solution ( 5 m. Free cysteine was analyzed as described above before reduction of cystine. An alcohol solution of phenol red (.05%) was used as an indicator to adjust the pH of the reaction solution of cysteine and of acid ninhydrin reagents to a pH of 8.4 by dropwise addition of 1 M NaOH. Plasma cystine, calculated as the difference between total cysteine and free cysteine, was expressed as cysteine equivalents.
Feed was analyzed for Na, K, and Ca by atomic absorption spectroscopy (Perkin-Elmer, Norwalk, CT). Chloride was analyzed using Sigma kit 461 (Sigma Diagnostics), and phosphorus was analyzed by a colorimetric method (AOAC, 1990) using a spectrophotometer (Gilford Response Series W-VIS, Chicago, IL).
Statistical Ana lysis
Data were analyzed according to the GLM procedure of SAS (1985) . The model included the effects of block, breed, diet, breed x diet interaction, block x breed x diet interaction, and the residual error. The residual mean square was used to test the three-way interaction of block x breed x diet. If the three-way interaction was significant ( P < . l o ) , its mean square was used to test the other effects. If it was not significant ( P > .lo), the three-way interaction and the residual mean square were pooled and used as the error term. Weaning weight and weaning age served as covariates for ADG and DMI analyses. Because the dietary S levels were not equally spaced, polynomial regressions were used t o detect linear, quadratic, and cubic effects of experimental diets. Significance was declared at a probability level of P < .05; P < .10 was interpreted to indicate a trend. Exact probability values are presented in Tables 2 to 9 for all traits analyzed.
Results and Discussion

Growth Trial
During the 8-wk growth study (Figure l ) , the BW gain of goats fed the .20% S diet was numerically superior to that of goats fed other diets. Sulfate Q I ET AL. S apparently needed for BW gain observed in this experiment. The optimal S intake for mohair growth for adults was 3.1 g/d. For weight gain of growing goats, the optimal S intake was 2.3 g/d.
Sulfur supplementation did not affect ( P > .lo) blood pH (Table 3 ) . Blood HCO3-, total CO2 content, and partial pressure of CO2 (pCO2) also were not significantly affected ( P > ,101 by S supplementation.
Blood base excess, base excess in extracellular fluids, standara bicarbonate, and oxygen saturation were not significantly altered ( P > . l o ) by S supplementation.
Similar results were observed in lactating Alpine goats (Qi et al., 1992a) . Although S supplementation does not change DCAB, it decreases DCAEW; in this study, the decrease was approximately 8.5 mEqilO0 g of dietary DM (Table 1) . This is much less than the changes induced by added sulfate in the studies of Fredeen et al. (1988) and Tucker et al. (1991) , in which alterations in blood acid-base balance were detected when more sulfate was fed.
Sulfur supplementation tended to increase linearly and quadratically ( P < .07) plasma L-lactate and to increase linearly ( P < .05) plasma glucose ( Table 4 ) . Sheep fed a S-deficient diet have been reported to form more D-lactate in the rumen, whereas sheep fed a Sadequate diet form more propionate, butyric, and higher acids but only a trace amount of D-lactate (Whanger and Matrone, 1966; Whanger, 1972 (Qi et al., 1992a) . This discrepancy presumably was due to differences in DMI and performance or to physiological dissimilarities between growing kids and adult goats.
Sulfur supplementation did not affect ( P > .lo) plasma concentrations of cysteine + cystine, cysteine, or cystine, although values were numerically slightly higher for the medium S levels than for the low and high S levels ( Table 4) . If analyzed by breed, in Angora kids the plasma cysteine concentration had a clear trend ( P < .lo) for a quadratic increase with S supplementation; no such trend was seen in Alpine kids. Differences between Alpine and Angora kids in S metabolism, performance, and metabolite concentrations with S supplementation have been reported elsewhere (Qi, 1992) . Plasma urea N was numerically lowest for goats fed the .20% S diet.
Ruminal pH before feeding was lowest ( P < . 0 1) for goats fed the .20% S diet (Table 5) . Numerically, a similar effect was apparent 4 h after feeding. The pH presumably was reduced because DMI by these goats was higher ( Table 2 ). The experimental diets contain 37.5% cornstarch, which is rapidly fermented to VFA and decreases ruminal pH.
Ruminal fluid L-lactate concentration was lowest ( P < .05) for goats fed the .20% S diet (Table 5 ). The reason for this is not known. No such effect was detected in either adult Angora goats (Qi et al., 1992b) or lactating Alpine goats (Qi et al., 1992a) . This discrepancy might be attributed to differences in physiological characteristics and feed intake of growing vs adult goats. Sulfur supplementation linearly increased ( P < .O 1 )
ruminal fluid sulfate S and sulfide S concentrations (Table 51 , but ruminal fluid ammonia N was not affected ( P > . l o ) by added S. Free, nonionized ammonia N in the rumen showed trends similar to ruminal ammonia N.
AL
Sulfur supplementation did not affect ( P > . l o ) contents of total purine, purine of isolated bacteria, and residual purine in the rumen. Because S supplementation quadratically increased DMI, passage rate also should have increased quadratically (Owens and Goetsch, 1986) . With similar concentrations of ruminal bacteria per unit of fluid, bacterial protein yield should have been greatest for goats fed the medium S diet. Increased ruminal protein synthesis also has been observed with an optimal level of S supplementation in adult Angora goats (Qi et al., 1992b) and lactating Alpine goats (Qi et al., 1992a) .
Metabolism Trial
Sulfate supplementation quadratically increased ( P < . 0 5 ) intakes of DM, OM, and GE (Table 6 ) and tended to increase P < . l o ) intakes of digestible OM, DE, and ME quadratically. However, when analyzed on a per kilogram of metabolic BW basis, these quadratic trends diminished. Apparent digestibilities of DM, OM, ADF, and GE were not affected ( P > .lo) by S supplementation (Table 6) .
Sulfate supplementation linearly increased ( P < .01) S intake and fecal S output ( Table 7 ) . The response in fecal S output differed from results with adult goats (Qi et al., 1992a,b) , in which fecal S output was not changed by S supplementation. Sulfate supplementation linearly ( P < .0001) and quadratically ( P < .01) increased urinary S output and linearly increased ( P c .O 1) S retention. This increase in S retention with increased S intake can be ascribed partially to a greater loss of gaseous sulfide S with the higher S diets (Qi et al., 1992a,b) . Gaseous losses were not quantified in this experiment but were included as part of S retained. Sulfur supplementation 'Absorbed N retained ( % ) = 6.22 + 293.14 X -678.76 X2, where X = dietary S level (% of DM).
did not affect ( P > .lo) the percentage of intake S that was retained, but it linearly decreased ( P < .05) the percentage of absorbed S retained. Absorbed S (Y, gramsiday) was regressed against ingested S (X, grams/day) as suggested by Biddle et al. (1975) . The regression equation was Y = -.2608 t A192 x ( r = .9991; P < .Ol); this can be interpreted to mean that truly absorbed S was 81.9% of ingested S and that metabolic fecal S loss was .261 g/d, or 24.5 mg/(BW kg75.d).
Biological value of the ingested S and endogenous urinary S were estimated by regressing total urinary S output (Y, grams/day) against truly absorbed S (X, grams/day) as proposed by Biddle et al. (1975) . The equation for this relationship was Y = -.1892 + .6720 (r = .9928; P < .Ol); this can be interpreted to mean that the biological value of supplemental S was 32.8% (100 -67.2%) and that endogenous urinary S totaled .189 gid, or 17.8 mg/(BW kg75.d).
From these values for metabolic fecal S and endogenous urinary S, the amount of absorbed S needed for maintenance (i.e., replacement of fecal and urinary loss but ignoring scurf and mohair needs) for growing goat kids can be calculated. These totaled 450 Joyce and Rattray (1970) for growing sheep of 20 to 30 kg BW but much lower than one estimated for growing sheep (1.4 g/d or 113.2 mg/BW kg75) by Johnson et al. (1971) using radioactive S from sodium sulfate.
Digestibility of dietary S increased linearly ( P < .0001) and quadratically ( P < .05) with S supplementation ( Table 7) . Digestibility of dietary S was partitioned by regression into digestibility of S from the basal diet vs the diets with added S. Digestibility of S in the basal diet was 50.3 vs 79.4% in the diets with added S. This value for digestibility of added S as Cas04 was very similar to one for adult Angora goats (78.1%; Qi et al., 199213 ) but lower than a value for lactating Alpine goats (95.8%; Qi et al., 1992a) .
Nitrogen intake and fecal N output increased quadratically ( P < .05) with S supplementation, perhaps as a result of changes in DMI (Table 8 ) . Although N digestibility and urinary N output (gramdday) were not affected by added S, N retention increased quadratically ( P < .05) with S supplementation. Expressed as a percentage of N intake, fecal N was not significantly affected ( P > . l o ) by S supplementation. However, urinary N decreased quadratically ( P < .05) and N retention increased quadratically ( P < .05) with S supplementation. The percentage of absorbed N retained increased quadratically ( P < .05) as S supplementation increased. Based on fitted quadratic regression equations of N retention, percentage of intake N retained, and percentage of absorbed N retained against dietary S level, N retention was calculated to be maximum at a dietary S level of .23% with a N:S ratio of 9.9:1, percentage of intake N retained was maximum at a dietary S level of .21% with a N:S ratio of 11.1:1, and percentage of absorbed N retained was maximum at a dietary S level of .22% with a N:S ratio of 10.4:l. These values were quite similar to the values calculated from ADG and DMI. Qi et al. (1992a,b) also observed that efficiency of N utilization increased when S was added either to a .16% S diet for adult Angora goats or to a .16% S diet for lactating Alpine goats.
Urinary creatinine output was measured in the metabolism trial to evaluate lean tissue growth and metabolism in goat kids. Schroeder et al. (1990) found that urinary creatinine excretion was correlated closely with lean body mass ( r = .92), empty body protein ( r = .go), and skeletal muscle protein ( r = .87) in beef steers.
Urinary creatinine concentration was numerically higher for goats fed the .20% S diet, and urinary creatinine output, expressed either in absolute units or per unit of BW or BW.75, tended to increase quadratically ( P = .lo) with S supplementation ( (Lindberg, 1989) . Differences in breed and diet may alter creatinine metabolism (Reeds, 1981; Finco, 1989) . The quadratic increase in creatinine output with added S could be interpreted to suggest that lean tissue mass was greater as a fraction of BW or BW.75 in goats fed an optimal amount of S.
Purine derivatives in the urine (uric acid, allantoin, xanthine, and hypoxanthine) have been related quantitatively to the postruminal microbial protein supply in sheep (Chen et al., 1990a) . According to chen et al. (1990a, 19921 , microbial purine was 83% digested, and 84% of absorbed microbial purine was recovered in the urine; microbial N supply (grams/day) was equal to .727 times the amount of microbial purine absorbed (millimoles/day). We used urinary uric acid as an indirect index of microbial protein supply.
Sulfate supplementation tended to increase ( P < .lo) urinary uric acid concentration quadratically, and to increase ( P < .01) uric acid output quadratically expressed as amount per day, per kilogram of BW, or per kilogram of BW.75 (Table 9 ).
The amount of microbial protein synthesized in the rumen generally is proportional t o the DMI of ruminants (Owens and Goetsch, 1986; Chen et al., 1992) . Urinary uric acid output was correlated ( r = .55) with DMI in this experiment. Chen et al. (1990b) found that the profile of purine derivatives excreted differed between sheep and cattle. The profile of urinary purine derivative excretion in goats has not been determined.
Implications
The optimal dietary sulfur level for maximum daily gain of goat kids was approximately .22% of dietary dry matter with a N:S ratio of 1O:l. Sulfate supplementation as Cas04 linearly increased sulfur intake, fecal sulfur output, and sulfur retention. Sulfate supplementation did not affect plasma sulfate or ruminal ammonia concentrations. The optimal dietary sulfur level increased apparent nitrogen retention, percentage of absorbed nitrogen retained, and urinary uric acid output. The optimal dietary sulfur level presumably improved performance by enhancing bacterial protein synthesis in the rumen and improving amino acid balance.
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